To investigate the potential of DNA to elicit immune responses in man, we examined the capacity of a variety of oligodeoxynucleotides (ODNs) to stimulate highly purified T cell-depleted human peripheral blood B cells. 
Introduction
DNA is a complex macromolecule whose immunological activities are influenced by its base composition and base modification, as well as helical orientation (1, 2) . Certain unusual DNA structures (e.g., Z-DNA) can induce significant antibody responses when administered to normal mice (1) (2) (3) (4) (5) . In addition, bacterial DNA, as well as certain synthetic oligodeoxynucleotides (ODNs) 1 containing an unmethylated CpG motif, can induce proliferation and Ig production by murine B cells. In contrast, mammalian DNA does not stimulate B cell responses (6) (7) (8) . These results indicate that bacterial DNA and ODNs of certain structures can activate murine B cells, although the mechanism is still unclear.
The immunostimulatory activity of ODNs has also been demonstrated with antisense compounds synthesized as phosphorothioate oligodeoxynucleotides (sODNs). Those compounds have a sulfur substitution for a nonbridging oxygen in the backbone and differ from phosphodiesters in a number of properties, such as nuclease resistance and melting temperature. Among 18-27-bp sODNs designed to inhibit the expression of specific target genes, some induced activation of murine lymphocytes (9) (10) (11) . One of the most stimulatory antisense sODNs is complementary to a portion of the rev region of the HIV genome. This antisense compound induced marked proliferation and immunoglobulin production by murine B cells in vitro. Moreover, mice developed massive splenomegaly and polyclonal hypergammaglobulinemia within 2 d after intravenous injection of this sODN (9) . B cell stimulation by the antisense sODN does not appear to result from inhibition of specific genes by the compound, but rather results from direct activation of B cells, although the sequence(s) and structure(s) accounting for this phenomenon remain unknown.
The immunological properties of DNA have also been investigated in the context of autoimmune disease, especially systemic lupus erythematosus (SLE). Although anti-DNA antibodies have features of antigen selection, including evidence of somatic mutation, the nature of the driving antigen and the contribution of polyclonal activation of B cells to the initiation of this response remain unclear. It has been proposed, however, that stimulation of B cells by either bacterial DNA or the DNA in the plasma of patients with active SLE may contribute to anti-DNA antibody production (6, (12) (13) (14) (15) (16) .
Although bacterial DNA and certain ODNs can stimulate murine B cells, much less information is available on the immunostimulatory capacity of these materials for human B cells. Because of the differences in the responsiveness of human and murine B cells to certain stimuli, it is not possible to extrapolate results obtained from mouse to man. Therefore, the current experiments were undertaken to determine whether ODNs or bacterial DNA could directly stimulate human B cells. To assess their activities, a panel of synthetic ODNs was examined for their ability to stimulate highly purified human peripheral blood B cells. Of 47 phosphorothioates and phosphodiesters tested, 12 sODNs stimulated marked polyclonal activation of human B cells in a T cell-independent manner. B cell activation appeared to result from engagement of an as yet unknown surface receptor(s). These results thus document the novel mitogenic properties of certain sODNs for human B cells and provide the basis for understanding their capacity to function as polyclonal B cell activators.
Methods
DNA and ODNs. 47 ODNs varying in length from 5 to 30 bp, including both phosphorothioate and phosphodiester derivatives, were synthesized using standard phosphoramidite chemistry methods (17) and purchased from The Midland Certified Reagent Co. (Midland, TX). The sequence, size, and a brief description of the ODNs are shown in Table I and later in Table III . Escherichia coli DNA and mammalian DNA were kindly provided by Dr. Arthur Krieg (University of Iowa Medical Center, Iowa City, IA) and prepared as described (6) .
Cell preparation and purification. PBMCs were isolated from heparinized blood of healthy adult volunteers by centrifugation over sodium diatrizoate/ficoll gradients (Sigma Chemical Co., St. Louis, MO). PBMCs were depleted of NK cells and monocytes by incubation with 5 mM L -leucine methylester (Sigma Chemical Co.) in serumfree RPMI 1640 (BioWhittaker, Inc., Walkersville, MD) (18) (19) (20) . After washing, the B cells were separated from T cells by two cycles of rosetting with neuraminidase-treated sheep RBC (21) . The resultant B cells were analyzed by flow cytometry and found to be Ͼ 90% CD19 ϩ by using phycoerythrin (PE)-conjugated anti-CD19 mAb (Sigma Chemical Co.) and Ͻ 1% CD3
ϩ by using anti-CD3 mAb (American Type Culture Collection, Rockville, MD) and FITC-labeled F(ab) Ј 2 sheep anti-mouse IgG (Calbiochem-Novabiochem Corp., La Jolla, CA). In some experiments, CD19
ϩ B cells were purified with a 
Antisense to rev gene of HIV (9)
Palindromic sequence that did not enhance NK cell activity (38, 39) DSP22 5 Ј -GGGGGGGGGGGGAACGTTGGGGGGGGGGGG-3 Ј 30 Palindromic sequence that enhances NK cell activity (38, 39)
Cmpd, compound.
CEPRATE LC kit (CellPro, Inc., Bothell, WA) following the manufacturer's protocol. Sedimented rosete-forming cells from the first centrifugation were treated with isotonic NH 4 Cl to lyse the sheep RBC and purified on a nylon-wool column. T cell populations were Ͼ 95% CD3 ϩ and were subjected to mitomycin C treatment (40 g/ml) as previously described (22) .
Culture conditions. B cells (2.5-5 ϫ 10 4 /well) were cultured with ODNs in U-bottom 96-well microtiter plates (Costar, Corp., Cambridge, MA) alone or in the presence of IL-2 (50 U/ml) (Hoffman-La Roche, Nutley, NJ) or mitomycin C-treated T cells. All cultures were conducted in RPMI 1640 medium supplemented with penicillin G (200 U/ml), gentamicin (10 g/ml), l -glutamine (0.3 g/ml), and 10% FBS (Life Technologies, Inc., Grand Island, NY).
Assay Analysis of Ig secretion. The B cells (2.5 ϫ 10 4 /well) were incubated in duplicate for 14 d at 37 Њ C, after which supernatants were collected from the cultures and frozen until analysis. Immunoglobulin in the culture supernatants was quantitated by using isotype-specific ELISA, as previously described (23, 24) .
Flow cytometric analysis. To analyze the expression of CD86 and CD25, ‫ف‬ 5 ϫ 10 5 B cells were collected from culture wells and stained with either PE-conjugated anti-CD86 or anti-CD25 or appropriate control monoclonal antibodies for 30 min at 4 Њ C. After washing to remove unbound mAbs, cells were resuspended and analyzed by flow cytometry with the use of the FACScan ® system (Becton Dickinson & Co., Mountain View, CA). Anti-CD25 is a PE-conjugated mouse IgG1 mAb against the ␣ chain of the IL-2R (Becton Dickinson & Co.). Anti-CD86 or B70 (B7-2) is a PE-conjugated mouse mAb against the human B cell activation marker CD86 (B70). IgG2b kappa is the control mAb for B70 (Pharmingen, San Diego, CA). 64.1 is an IgG2a mAb directed at the CD3 molecular complex on mature T cells (25) .
RNA extraction. B cells were incubated in the same culture conditions previously used for analysis of Ig secretion. The contents of 60 multiple microwells were pooled and harvested. Total RNA was extracted by using the RNeasy method, following the manufacturer's protocol (QIAGEN Inc., Chatsworth, CA).
cDNA synthesis and PCR analysis. After quantification of isolated RNA by spectrophotometry, cDNA was synthesized by priming with 500 ng oligo dT (Pharmacia LKB Biotechnology Inc., Almeda, CA) in Ultraspec diethylpyrocarbonate water (Biotecx Laboratories, Inc., Houston, TX), 5 mM DTT, 0.5 mM dNTP, 5 mM Tris-HCl (pH 8.3), 75 mM KCl, and 3 mM MgCl 2 using 200 U Superscript reverse transcriptase (Life Technologies, Inc.) per 1 g of total RNA.
Each PCR reaction was performed with 1 g of cDNA in an 80-l volume containing Ultraspec water (Cinna/Biotecx, Friendswood, TX), 50 mM KCl, 10 mM Tris-Cl (pH 9.0), 200 M dNTPs, 1.5 mM MgCl 2 , 0.9 M of each primer, and 2.5 U of Taq polymerase (Promega Corp., Madison, WI). The 5Ј primers corresponding to each of the leader sequences of the six V H families are: V H 1, 5Ј-CCATGGACTGGACCTGGA-3Ј; V H 2, 5Ј-ATGGACATACTTTGT-TCCAC-3Ј; V H 3, 5Ј-CCATGGAGTTTGGGCTGAGC-3Ј; V H 4 5Ј-ATGAAACACCTGTGGTTCTT-3Ј; V H 5, 5Ј-ATGGGGTCAACC-GCCATCCT-3Ј; and V H 6, 5Ј-ATGTCTGTCTCCTTCCTCAT-3Ј. The 3Ј primer for the heavy chain of the IgM constant region is 5Ј-GGAATTCTCACAGGAGCCACG-3Ј. Amplification consisted of a 5-min denaturing step at 94ЊC followed by 35 cycles of amplification at the following conditions: 1 min of denaturation at 94ЊC, 1 min of annealing at the indicated temperatures (54ЊC for V H 1 and V H 6, 58ЊC for V H 3 and V H 5, and 50ЊC for V H 2 and V H 4), and 1 min of extension at 72ЊC. PCR products were resolved by electrophoresis on a 1% agarose gel in 0.5ϫ Tris boric acid EDTA. After denaturation of the gel in 1.5 M NaCl and 0.5 M NaOH for 30 min, the PCR products were transferred onto a nylon membrane (Bio-Rad Laboratories, Hercules, CA) using a vacuum-blotting apparatus. The membrane was baked at 80ЊC for 90 min before screening with a 32 P 5Ј end-labeled probe, specific for PCR products amplified with a given primer pair. Hybridization was conducted in Rapid-hyb buffer (Amersham LIFE SCIENCE, Little Chalfont, UK) at 42ЊC. Blots were washed in 0.1ϫ SSC and 0.1% SDS at 45ЊC for 50 min and subjected to autoradiography.
Assay of anti-DNA antibodies. Polystyrene microtiter plates (Dynatech Laboratories Inc., Alexandria, VA) were coated with calf thymus DNA (15 g/ml) or ODNs (5 g/ml except 1 g/ml for DSP30) diluted in Tris buffer (pH 9.4) by incubating them overnight at 4ЊC. Plates were then washed with PBS and blocked with 2% nonfat dry milk. The plates were then washed with 1 M NaCl 5% Tween and incubated with appropriately diluted culture supernatants or PBS for 2 h at room temperature. The washed plates were then incubated with peroxidase-conjugated, affinity-purified goat antibody (Ab) to human chain (Biosource International, Camarillo, CA). After addition of substrate (TMB; Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD), the development of colored reaction product was quantitated with an ELISA reader (Biokinetics reader EL312; Bio-Tek Instruments, Inc., Winooski, VT).
Techniques of coupling Sepharose beads with ODNs. ODNs were synthesized with a lysine residue linked to the 5Ј end as described (17) . CNBr-activated Sepharose 4B beads were coated with modified ODNs according to the manufacturer's direction (Pharmacia LKB Biotechnology Inc.). Briefly, modified ODNs were dissolved in coupling buffer (0.1 M NaHCO 3 , pH 8.3, containing 0.5 M NaCl) and incubated overnight at 4ЊC with constant rotating with an appropriate amount of Sepharose beads that had been swollen and washed in 1 mM HCl (pH 2-3). After washing with coupling buffer and blocking by incubation with 0.1 M glycine at room temperature for 2 h, the beads were washed with three cycles of alternating pH buffers (coupling buffer, pH 8.3, and acetate buffer, pH 4.0). The beads were then resuspended and stored in PBS. Control beads were coupled with glycine only. 
Results

Specific ODNs induce B cell proliferation and Ig production.
The initial experiments examined whether bacterial DNA and various ODNs could induce human B cell proliferation and Ig production. Highly purified human B cells were cultured with various concentrations of DNA (0.5-100 g/ml) or the ODNs listed in Table I (1 g/ml-50 g/ml) and [ 3 H]thymidine incorporation was measured. As shown in Fig. 1 , three of the phosphorothioate ODNs (1082, 2105, and DSP30) consistently induced significant B cell proliferation, whereas neither bacterial DNA nor mammalian DNA was stimulatory (optimal stimulatory concentrations: 1 g/ml for DSP30 and 5 g/ml for 1082 and 2105). The other phosphorothioates (Figs. 1 and 2) induced minimal but nonetheless detectable responses that were statistically different than [ 3 H]thymidine incorporation manifested by B cells cultured alone. Of note, DSP17 (the diester form of 1082) was much less stimulatory within this concentration range even when added to culture repetitively (mean maximum response to DSP17 ϭ 615Ϯ22 cpm vs 3,113Ϯ93 for 1082). Although modest, the response induced by DSP17 was significantly greater than thymidine incorporation of control B cells (99Ϯ7, P Ͻ 0.01). It should be noted that similar results were noted with B cells obtained from 12 normal donors.
The sODNs that induced maximal proliferation also induced Ig production from purified B cells. (Fig. 3) . Thus, 1082, 2105, and DSP30 (first three columns) stimulated limited production of IgM, IgG, and IgA. Of note, however, the sODNs induced Ig production from highly purified B cells in the absence of exogenous cytokines. The other ODNs induced little Ig production. Similar results were noted with B cells obtained from eight normal donors.
Increased expression of activation markers induced by sODNs. To assess the effects of sODNs on the expression of activation markers, B cells were cultured with or without sODNs for 48 h and then examined for expression of CD86 (B7-2) and CD25 (IL-2R). As can be seen in Fig. 4 , resting B cells express little CD25 and CD86. However, after stimulation by 1082, 2105, and DSP30, Ͼ 95% of B cells expressed CD86 and CD25. sODNs that induced minimal proliferation also caused either minimal or no increased expression of CD86 and CD25. Results obtained with one of these nonstimulatory compounds (DSP25) is shown in Fig. 4 . The finding that /well) were cultured with ODNs at their optimal stimulatory concentrations of 5 g/ml (1 g/ml for DSP30 and 25 g/ml for DSP20). Supernatants were harvested on day 14 and Ig production was assessed by ELISA. The data presented are the mean of duplicate cultures and are representative of four separate experiments, each carried out with B cells from a different donor. Control cells cultured in medium alone produced Ͻ 10 ng/ml of Ig. B cells cultured with E. coli DNA or mammalian DNA at 50 g/ml for 14 d also produced Ͻ 10 ng/ml of Ig.
sODNs induced activation marker expression by Ͼ 95% of B cells implies that the response is polyclonal.
B cell responses to sODNs are enhanced by IL-2. To investigate the effect of IL-2 on B cell activation induced by the sODNs, B cells were cultured with ODNs in the presence or absence of IL-2 and analyzed for proliferation and Ig production (Fig. 5) . IL-2 markedly enhanced responses of B cells activated by the most stimulatory sODNs. However, IL-2 did not (Fig.  6) . Coculture of B cells and mitomycin C-treated T cells in the presense of most stimulatory sODNs enhanced both B cell proliferation and Ig production. The degree of enhancement was proportionate to the number of T cells. No proliferation or Ig production was detected in cultures of T and B cells in the absence of sODNs. Similarly, the sODNs did not directly stimulate proliferation of control T cells that had not been treated with mitomycin C (T alone). Altering the concentration of sODNs from 1 to 25 g/ml likewise did not induce T cell proliferation (data not shown). Thus, T cells as well as IL-2 enhance B cell responses to maximally stimulatory sODNs, whereas the sODNs do not directly induce T cell proliferation.
B cell activation induced by sODNs is polyclonal. To confirm that B cell activation induced by sODNs is polyclonal, IgM-producing B cells were analyzed for the usage of heavy chain variable region genes after culture of B cells with DSP30 and IL-2 for 8 d. RNA was harvested and analyzed by RT-PCR using chain and V H -specific primers. As can be seen in Fig. 7 , little V H mRNA was detected in B cells cultured with IL-2 alone. However, B cells stimulated with DSP30 and IL-2 contained /well) in the presence or absence of sODNs at their optimal concentrations (1 g/ml for DSP30 and 5 g/ ml for others). Proliferation and IgM production were measured as described. The results of one of three experiments, each carried out with cells obtained from a different donor, with similar findings are shown. When T cells alone were tested (T alone), they were not treated with mitomycin C, but were cultured (100 ϫ 10 mRNA for all six major V H families. These results support the conclusion that the B cell response to sODNs is polyclonal.
Anti-DNA antibodies are induced by sODNs and bind to both calf thymus DNA and sODNs. The next experiments investigated whether sODN-activated B cells produce anti-DNA Ab. B cells were cultured with sODNs with or without IL-2 and analyzed for anti-DNA Ab secretion. B cells cultured with activated T cells were used as a positive control (Fig. 8) . B cells cultured alone or with IL-2 or with DSP25 alone did not produce anti-DNA Ab. By contrast, the three most stimulatory sODNs (1082, 2105, and DSP30) induced anti-DNA Ab production, and production of these autoantibodies was enhanced by coculture with IL-2. Anti-DNA Ab production by B cells stimulated by sODNs and IL-2 was even greater than that induced by activated T cells. Since the latter induced more IgM, the sODNs stimulated a greater ratio of IgM anti-DNA to IgM than anti-CD3-activated T cells.
To investigate the reactivity of induced anti-DNA Abs with sODNs, supernatants of activated B cells were harvested and assessed for binding to sODNs. As can been seen in Fig. 9 , B cells cultured alone, with IL-2, or with DSP25 and IL-2 did not produce anti-ODN Ab. In contrast, the stimulatory sODNs (1082, 2105, and DSP30) induced production of Abs that bound to all three of the stimulatory sODNs as well as the other sODNs, such as DSP25. These results indicate that sODNs activate B cells committed to production of anti-DNA antibodies. However, specificity for the activating sODNs was not apparent.
Proliferation and IgM production induced by sODNs bound to Sepharose beads. To assess whether sODNs induce B cell activation by binding to cell surface receptors or require internalization, the activity of beads containing covalently coupled DSP30 was tested. As shown in Fig. 10 , beads coated with DSP30 were as effective as DSP30 at inducing B cell proliferation. In addition, Sepharose-bound DSP30 induced production of similar amounts of IgM as soluble DSP30, while control glycine-coated beads induced neither proliferation nor IgM production. These results indicate that sODNs stimulate B cells by binding to cell surface receptors and suggest that cell entry of sODN is not necessary.
Maximal B cell activation is induced by sODNs containing a TCG element or CpG motif.
To identify sODN sequences necessary for B cell responses, we focused on DSP30 and examined the stimulatory activity of various related sequences. We synthesized three 15-bp sODNs (DSP42, DSP43, and DSP44) containing the sequences corresponding to the 5Ј, central, and 3Ј regions of DSP30. DSP42, the 5Ј 15 bp of DSP30 stimulated comparable DNA synthesis and IgM production as the fulllength 27 mer, whereas DSP43 and DSP44, the central and 3Ј 15 mers, were less stimulatory (Table II) . Comparison of the Fig. 8 , except the anti-sODN Ab in the supernatant was analyzed by ELISA. To accomplish this, the sODNs, DSP30 (1 g/ml), 1082 (5 g/ml), 2105 (5 g/ml), and DSP25 (5 g/ ml) that were used to stimulate B cells were used to coat the ELISA plates. The anti-ODN antibody of the negative control (no supernatant) is 0.054, 0.061, 0.064, and 0.065 for DSP30-, 1082-, 2105-, and DSP25-coated plates, respectively. The data shown were derived by subtraction of the anti-ODN antibody of the negative control. The results of one of three experiments, each using cells from a separate donor, with similar findings are shown. sequences indicated that TCGTCG was present only in DSP42, but not in the others. To determine whether this motif was stimulatory, the activity of additional 15-bp sODNs was tested. Of these compounds, (TCG) 5 induced equal or greater B cell proliferation and Ig production than DSP30, whereas a 5Ј TCG doublet followed by nine 3Ј Gs failed to stimulate B cell proliferation or Ig production. Additional sODNs, in which the TCG repeat was altered to ACG, TCC, or TGG, had no stimulatory activity (Table II) .
To examine the minimal length of active sODNs, additional sODNs that contained two to four repeats of TCG (DSP106-108) were synthesized and tested for their stimulatory activity. As shown in Table III, DSP107 that contains three TCG repeats was stimulatory, but required 10-20-fold the concentration of (TCG) 4 or (TCG) 5 to achieve comparable stimulation. In contrast, a tandem TCG (DSP106) had minimal stimulatory activity. Taken together, these data indicate that (TCG) n , where n Ն 3, is a minimal stimulatory element.
The next experiments investigated whether other motifs might stimulate human B cell activation. Since GACGTT, GACGTC, TGACGTT, or TGACGTC were the most stimulatory motifs for murine B cells (6) , additional sODNs containing two or three repeats of these motifs were synthesized and examined for their capacity to induce human B cell proliferation. As shown in Table III , DSP100 (GACGTT) 3 , DSP101 (TGACGTT) 3 , DSP102 (GACGTC) 2 , and DSP103 (GACGTC) 3 induced marked B cell proliferation comparable to that induced by DSP30. The shortest sODN of this group (DSP102) required 5-25 times the concentration of the others to achieve maximal stimulation. These data suggest that the motifs that stimulate murine B cell can also stimulate human B cells. These motifs are not unique in this regard, however, since DSP30, which does not contain the entire motif, also induced maximal activation of human B cells. The minimal stimulatory sequence in the mouse (CG) n , however, was not maximally active on human B cells. Thus, as shown in Table III , DSP109 (CG) 3 , DSP110 (CG) 4 , and DSP111 (CGCGCGCGCGCGC) induced only minimal proliferation of human B cells. These findings indicate that (CG) n is not sufficient for maximal sODN-induced B cell activation.
In summary, these results indicate that either (TCG) n or tandem repeats of the entire CpG motif induced maximal sODN-induced activation of human B cells. However, maximal sODN-induced activation could also be induced without the entire CpG motif, whereas (CG) n dinucleotides were insufficient to induce maximal sODN-induced B cell activation. The mechanism of polyclonal activation of human B cells induced by specific ODNs is not clear. Studies in the mouse showed that ODNs linked to a solid support are not stimulatory (6) . In addition, there was no difference between the binding of labeled active ODNs and inactive ODNs (6) . These data suggested that ODNs do not bind to surface receptors and that cell uptake is required for stimulation. However, the issue remains controversial, since it was shown that oligo-and polynucleotides cannot diffuse through lipid membranes, although they may enter by bulk pinocytosis (26) . In contrast, the current findings demonstrate that sODNs bound to Sepharose beads induce equivalent activation of human B cells as the free sODN, indicating that entry into human B cells is not necessary for the stimulatory effect of sODNs. Because the active sODNs form a very stable covalent bond with the beads, it is unlikely that free or released sODNs account for the stimulatory activity. It is more likely that the sODN bound to surface receptors on B cells and, thereby, stimulated B cell activation. It remains possible, however, that entry of sODNs into cells may also provide stimulatory signals and another pathway of activation.
Discussion
The nature of the putative B cell receptor or receptors involved in sODN-induced B cell activation is currently unknown. Recent evidence indicates that binding of ODNs and DNA to cells is a saturable and specific process dependent on the size of the ODN. This evidence implies the existence of oligonucleotide receptors on the B cell surface (27) . In fact, a Marked proliferation DSP108 5Ј-TCG TCG TCG TCG-Ј3  12  5  7,321  DSP101  5Ј-TGA CGT TTG ACG TTT GAC GTT-3Ј  21  1  6,704  DSP107  5Ј-TCG TCG TCG-3Ј  9  100  6,613  DSP100  5Ј-GAC GTT GAC GTT GAC GTT-3Ј  18  5  5,272  DSP102  5Ј-GAC GTC GAC GTC-3Ј  12  25  4,523  DSP103  5Ј-GAC GTC GAC GTC GAC GTC-3Ј  18  5  4,137  DSP99  5Ј-GAC GTT GAC GTT-3Ј  12  10  3,575  DSP30  5Ј-TCG TCG CTG TCT CCG CTT CTT CTT GCC-3Ј  27  1  6,267  DSP49  5Ј-TCG TCG TCG TCG TCG-3Ј  15  10  5,112 Moderate proliferation DSP105 5Ј-GGG GGG GGG GGG ACC GGT GGG GGG GGG GGG GGG-3Ј 30 10 2,636 DSP104 5Ј-GGG GGG GGG GGG AAC GTT GGG GGG GGG GGG-3Ј (27) (28) (29) (30) .
In other studies, a 28-30-kD nucleic acid membrane binding protein was detected by chromatography and on immunoblots of cell membrane preparations of peripheral blood cells including neutrophils, adherent mononuclear cells, E rosetting cells, and non-E rosetting cells (30) (31) (32) . In addition, Beltinger et al. (33) , using immunochemical and ultrastructural techniques, found that K562 cells express five cell surface proteins, ranging in size from 20 to 143 kD, that bound to phosphorothioate derivatives of an antisense to c-myb. These results all point to the presence of surface proteins that bind to DNA and ODNs and are consistent with the conclusion that binding one or more of these receptors may lead to polyclonal B cell activation. Preliminary evidence suggests that Sepharose-bound sODNs precipitate a series of four distinct bands from the surface of iodinated B cell lines and is consistent with the conclusion that the sODNs can bind to as yet unidentified B cell surface receptors. The likelihood that the various sODNs may stimulate B cells by binding to the same receptor or set of receptors is supported by the observation that combinations of maximally stimulatory sODNs (DSP101 and DSP108, DSP30 and 1082, and DSP30 and DSP49) had no additive or synergistic effect on human B cell responses (data not shown).
The current data also suggest that human B cell activation induced by sODNs is different than that observed in the mouse. First, the basic activation motif appears to be different in man and mouse. It has been reported in mice that E. coli genomic DNA and ODNs containing an unmethylated CpG motif induce B cells to proliferate and secrete immunoglobulins both in vivo and in vitro. The motif that induces murine B cell activation contains an unmethylated CpG dinucleotide flanked by two 5Ј purines (preferably a GpA dinucleotide) and two 3Ј pyrimidines (preferably a TpC or TpT dinucleotide) (6). In the current study, bacterial DNA failed to induce B cell activation. Furthermore, although the entire CpG motif induced maximal human B cell activation, sODNs lacking this motif were also active. These results suggest that the CpG motif that induces murine B cell activation can induce, but is not necessary for, human B cell activation. In addition, (CpG) n , which is a potent stimulator of murine B cells, does not appear to be capable of inducing maximal human B cell activation. Moreover, in preliminary experiments, sODNs that lacked CG dinucleotides (5Ј-ACC ACA CTG GTA TTT CAC AC-3Ј and 5Ј-GAG ACC CTG AAC AGT TGA TC-3Ј) induced human B cell proliferation, suggesting that CG dinucleotides may not be necessary for human B cell activation. It should be noted, however, that these sODNs did not induce maximal DNA synthesis (2,792 and 2,674 cpm, respectively), suggesting the possibility that CG dinucleotides may be necessary for maximal sODN-induced human B cell proliferation.
The mechanism of B cell activation also appears to be different between man and mouse. Although binding to surface receptors does not seem to be involved in the mouse (6), immobilized sODNs can induce maximal human B cell activation. These findings indicate that in man, sODNs stimulate B cell activation by binding to surface receptors, although this issue remains unresolved in mouse.
There are various hypotheses concerning the mechanism of human B cell activation induced by specific sODNs. One is that the stimulatory activity of sODNs results from a specific nucleotide sequence (i.e., the primary structure of sODNs). The other is that sODNs induce human B cell activation by forming certain secondary or tertiary structures. The current data show that (TCG) n or the entire CpG motif induced maximal activation of human B cells and this maximal activation could not be induced by any phosphorothioate that lacked one or the other of these sequences. Of note, the stimulatory sODNs 1082 and 2105 both contain portions of these motifs, although additional stimulatory motifs may account for their activity. These results suggest that human B cell activation is not induced by the negatively charged phosphorothioate backbone. Rather, it appears that specific nucleotide sequences are involved in the activation. Additional evidence is consistent with this conclusion. Thus, for example, DSP17, the diester form of 1082, did not induce maximal activation of human B cells, but it was active to a modest degree. Since the half-life of diesters is estimated to be only 4 h in culture vs 14 h for phosphorothioates (34) (35) (36) , DSP17 may be degraded before the activation signals are totally delivered. These results are consistent with the conclusion that human B cell activation is related to the specific sequences of ODNs, and not merely the phosphorothioate backbone. It remains possible, however, that the phosphorothioate backbone provides a permissive influence that permits sequence-specific polyclonal human B cell activation.
It is also possible that secondary or tertiary structures rather than a specific sequence may be involved in stimulating human B cells. To examine this possibility, the sequences of the 47 ODNs were analyzed to determine whether they could potentially form hairpins or other secondary structures. The results showed that 1082, DSP100-103, and DSP111 are candidates to form hairpins, whereas the other ODNs are likely to remain in a linear form. DSP30, 2105, DSP49, and DSP42 are not predicted to form stable hairpins, but may form unstable hairpins. This observation implies that formation of hairpins may contribute to the B cell stimulatory activity of sODNs. Since four of the most stimulatory sODNs are not predicted to form stable hairpins, however, it is likely that primary sequence also plays a role. Clearly, the capacity to form a stable hairpin cannot be the only determinant of stimulatory capacity, as DSP111, which is predicted to form a stable hairpin, is only minimally stimulatory.
Besides the delineation of the stimulatory capacity of certain sODNs, the current findings may be important for understanding the pathogenesis of SLE. Although this disease is characterized by high avidity anti-DNA antibody (12, 13) , the respective roles of a putative DNA antigen-driven response and polyclonal activation remain uncertain. The current data show that certain sODNs have the ability to induce polyclonal activation of human B cells. These activated B cells can produce anti-DNA Abs and anti-sODN Abs, although those antibodies appear to be very low avidity (data not shown). These results imply that certain ODNs or equivalent molecules may play a role in the early stage of SLE by inducing the production of low avidity anti-DNA antibodies that may provide a substrate for subsequent T cell-directed somatic mutation with the resultant production of high avidity pathogenic anti-DNA antibodies.
This finding may also be relevent to the medicinal use of nucleic acid both in antisense strategies and DNA vaccination. In recent years, antisense ODNs have attracted attention as highly specific agents to block expression of specific genes. However, recent evidence suggests that antisense ODNs can have nonspecific effects, either inhibiting or stimulating cellular function (9) (10) (11) 37) . For instance, an antisense to a portion of the rev region of the HIV genome (i.e., DSP30, the most active sODN in the current study) induced activation of murine B cells in vitro. After intravenous injection of this compound, mice developed massive splenomegaly and polyclonal hypergammaglobulinemia within 2 d (9). Moreover, simultaneous addition of certain sODNs with Ag enhanced Ag-specific murine B cell activation, suggesting that sODNs could provide costimulatory signals for Ag-specific murine B cell activation (6) . To date, the nonspecific stimulatory effect of antisense sODNs has not been examined in detail with human B cells. The findings that human B cell activation is induced by sODNs containing (TCG) n , the full CpG motif, and perhaps other motifs provide important information in developing specific antisense ODNs that lack nonspecific stimulatory activity. On the other hand, the inclusion of stimulatory motifs may be important in the development of DNA-based vaccines.
